An amine-functionalized derivative of 1,3-dipropyl-8-phenylxanthine has been prepared in tritiated form as a xanthine amine congener (PH] 
N6-(R-
Adenosine receptors consist of two subtypes, designated the Al and A2 receptors (1) . The Al receptor is inhibitory to adenylate cyclase, whereas the A2 receptor is stimulatory. However, adenosine receptors coupled to other effector systems, such as ion channels, may exist. Adenosine receptors relate to such diverse physiological effects as inhibition of lipolysis and neurotransmitter release (Al), platelet aggregation (A2), and vasodilation (A2).
The use of radioligands has enabled measurement and/or localization of adenosine receptors in brain (2) , myocardium (3) , lung, (4) , ileum (5) , and other tissues. The N6-substituted adenosines, including the N6-cyclohexyl- (2) , N6-R-phenylisopropyl- (6) , and N6-cyclopentyl- (7) analogs, available as stable, tritiated radioligands with specific activities of Ci/mmol (1 Ci = 37 GBq), have proven useful as agonist radioligands showing Al-adenosine receptor selectivity. 5'-N-Ethylcarboxamidoadenosine (NECA), available as a stable, tritiated radioligand with a specific activity of Ci/mmol, has been used as an agonist ligand for Al and A2 adenosine receptors (8) (9) (10) (11) (12) (13) (18) .
We have reported a "functionalized congener" approach to adenosine receptor ligands (19, 21, 22 (13.4 Ci/mmol) were purchased from New England Nuclear. Theophylline, adenine, and inosine were from Sigma. 2',5'-Dideoxyadenosine was from P-L Biochemicals, and dipyridamole was from Thomae (Biberach, F.R.G. The diallyl precursor 3a, dissolved in dimethylformamide, was reduced catalytically (20% Pd/C) under tritium gas as described (23) . After filtration and removal of exchangeable tritium, the radiochemical purity of the crude product was judged to be 32%, with more polar impurities. A 1.0 mCi sample dissolved in dimethylformamide was purified by high-pressure liquid chromatography (Waters 440 system, Altex ODS 25 x 0.46 cm column, 0.8 ml/min, 65% MeOH/0.05 M sodium phosphate, pH 5, 320 nM UV detector). The product, 3b, having a retention time of 28 min, contained 0.2 mCi of radioactivity. TLC (Merck silica gel 60, 0.2 mm, developed in chloroform/methanol/acetic acid, 85:10:5) monitored with a Berthold LB 2760 TLC scanner revealed a single radioactive spot with anRf(= 0.16) identical to that of authentic XAC. After determination of mnolar concentration by the intensity of the UV absorption at 319 nm (e = 34,300), the specific activity was calculated to be 103 Ci/mmol.
Preparation of Brain Membranes. Membranes from rat and guinea pig brain and calf cerebral cortex were prepared according to the method described by Whittaker (24) . The animals were killed, and the brains were quickly removed and immediately placed in ice-cold 0.32 M sucrose. The tissue was homogenized at 4°C in a glass/Teflon homogenizer in 10 vol of 0.32 M sucrose. The homogenate was centrifuged at 1000 x g for 10 min and the supernatant was again centrifuged at 100,000 X g for 30 min. The pellets were resuspended in 10 rhl of water, centrifuged at 100,000 x g for 30 min, and washed once with 50 mM Tris*HCl (pH 7.4) using the same centrifugation step. Finally, the membranes were resuspended in 50 mM Tris HCl (pH 7.4), frozen in liquid nitrogen, and stored at -70°C. Protein was determined according to the Lowry method as described (4).
Radioligand Binding. The binding of [3H]XAC to rat brain membranes was measured in a total volume of 1 ml containing 50 mM Tris HCl (pH 7.4), 0.2 unit of adenosine deaminase, and =70-100 ,ug of membrane protein. The radioligand was routinely present in a final concentration of 0.5 nM. Other substances were added as indicated. Incubation was carried out at 37°C for 120 min. All assays were done in triplicate. Bound and free radioligand were separated by addition of 4 ml of ice-cold incubation buffer followed by rapid filtration through Whatman GF/B glass fiber filters that had been treated with 0.3% polyethylenimine for 60 min as described by Bruns et al. (25) . The filters were washed twice with 5 ml of ice-cold incubation buffer. For filtration, a Brandel M-24R manifold (Brandel Instruments, Gaithersburg, MD) was used. (26) providing parameter estimates by nonlinear curve-fitting. Slope factors were determined from Hill plots ("pseudoHill" coefficients).
RESULTS
[3H]XAC (Fig. 1, compound 3b ) was prepared by catalytic reduction of the 1,3-diallyl analog (3a) using tritium gas (23) . One route to this precursor (23) was the direct coupling of excess ethylenediamine to 1,3-diallyl-8-p-(carboxymethyloxy)phenylxanthine (1). Alternatively, for preparation of larger quantites of 3a, the carboxylic acid was esterified in ethanol, and the resulting ethyl ester (2) was aminolyzed in neat ethylenediamine. The incorporation of four tritium atoms per molecule led to a high specific activity of the reduction product, 3b, which was then purified by high-pressure liquid chromatography. The radiochemical purity of [3H]XAC was judged to be 96% (Fig. 2) . (Fig. 3) . In the presence of GTP, Kd and Bmax were 1.22 nM and 590 fmol/mg of protein, respectively, and therefore nearly identical to the values obtained in the absence of GTP.
The pharmacological profile of [3H]XAC binding sites was determined in competition experiments. The competition curves of the adenosine agonists R-PIA and NECA in the absence and presence of GTP are shown in Fig. 4 . R-PIA is more potent than NECA in competing for [3H]XAC binding. This order of potency is characteristic for A1-adenosine receptors. In the absence of GTP, the competition curves of the agonists are shallow, with slope factors in the range of 0.48-0.58. Computer analysis revealed that a two-component for adenosine receptors, relatively high proportion of nonspecific binding, and relatively low specific activity. Indeed, it has not proven satisfactory as a ligand in human and guinea pig brain membranes (14) .
[3H]XAC overcomes many of the limitations of the [3H]DPX radioligand. The Kd value in rat brain membranes is 50-fold lower than that of [3H]DPX, and the specific activity is 8-fold higher. At concentrations of [3H]XAC required for competitive binding studies, the proportion of nonspecific binding is relatively low. Presumably, the higher hydrophilicity of [3H]XAC, compared to DPX and other nonfunctionalized 1,3-dialkyl-8-phenylxanthines, is responsible in part for favorable reduction in nonspecific membrane binding. For [3H]DPX binding to rat brain membranes, >25% of the total binding was nonspecific at a concentration equal to 15% of its Kd (27) . In contrast, with [3H]XAC, only 5-10% binding was nonspecific at a concentration of 0.5 nM-i.e., 40% of its Kd value. A problem of filter binding was still evident with [3H]XAC but has been solved in part by pretreatment of the glass fiber filters with polyethylenimine according to the method of Bruns et al. (25) . Finally, the high receptor affinity of [3H]XAC makes it feasible to use a multiple filtration apparatus in binding assays. A multiple filtration apparatus had not proved satisfactory with [3H]DPX as radioligand (unpublished data). (11) . The presence of GTP has no effect on the saturation curve for [3H]XAC (Fig. 3) as has been reported previously for another antagonist, [3H]DPX. In contrast, guanyl nucleotides have marked effects on binding of agonist radioligands by increasing the proportion of low-affinity agonist binding sites (27, 28) . Competition studies versus binding of [3H]XAC with the adenosine analogs R-PIA and NECA and with the series of xanthines (Table 1 ) displayed the order of potency expected for A1-adenosine receptors.
The competition curves for the agonists R-PIA and NECA versus binding of [3H]XAC are biphasic in the absence of GTP (Fig. 4) . The high-affinity state has an apparent affinity of 1.8 nM for R-PIA, whereas the low-affinity state has an affinity of 128 nM. The high-affinity state for agonists accounts for 70-80% of the inhibition of [3H]XAC binding by R-PIA. Similar results have been reported for antagonism of binding of [3H]DPX by R-PIA in rat brain membranes in the absence of GTP (27) . The presence of GTP, although having no effect on binding of [3H]XAC results in monophasic inhibition curves for R-PIA and NECA versus binding of [3H]XAC. This conversion by GTP of all adenosine receptors to a conformational state with low affinity for agonists has been reported (27, 28) .
The affinity for [3H]XAC for binding sites is highest in calf brain membranes, intermediate in rat brain, and lowest in guinea pig brain (Table 2) . Such a profile is commensurate with data on agonist and antagonist binding in bovine, rat, and guinea pig brain membranes (2, 14, 27) . In guinea pig brain membranes, the Kd value for [3H]XAC is 3 nM (Table  2) . Guinea pig and human brain membranes have been shown to exhibit relatively low affinity at 0°C in such membranes (2, 14) . The higher affinity of [3H]XAC permits its use at 37°C in guinea pig and, presumably, human brain membranes. In calf cerebral cortex [3H]XAC exhibits a Kd of 0.17 nM (Table 2) , indicative of a much higher affinity for brain Al-adenosine receptors of this species, as reported for DPX and other 8-phenyl substituted xanthines (2, 14, 18 
